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TECHNICAL MEMORANDUM 


STRUCTURAL MARGINS ASSESSMENT APPROACH 
I. INTRODUCTION 


Various approaches exist for determining structural loads and the resulting 
structural margins. These margins are stated as stability, safety factors on ultimate 
and yield stresses, fracture limits, fatigue lifetime, reuse criteria, operations, etc. 
Regardless of the techniques chosen, consistent and compatible approaches must be 
used starting with the system loads and continuing through the element analysis 
and on to the smallest section evaluated. The purpose of this document is to outline 
this consistent approach as used by Marshall Space Flight Center (MSFC) and applied 
to the Shuttle projects. First, system analysis will be discussed, followed by a dis- 
cussion of how this consistent set of data and analyses is carried through to the 
smallest element section. Also discussed will be the philosophy or criteria used to 
determine model and analysis detail at each structural level. Analysis verification 
approaches and philosophy are included. This document does not replace the NASA 
design documents [1,5-12], but serves as an augmentation of them. 


II. OVERALL APPROACH 


The approach chosen for structural design and verification must be comprehen- 
sive, consistent, and focused. Therefore, it is necessary that common models, 
environment data bases, analysis approaches, and criteria be employed by all vehicle 
or system elements to insure a compatible system risks assessment. The assurance 
that this happens involves proper organization and control (management) . This paper 
will discuss the analysis and test approaches and their management leaving the other 
areas to separate documentation. 

Up front, the basic problem facing structural analysis and verification should 
be clearly stated. The problem: All analyses are simulations which are not complete 

(limited) which attempt to predict trends and what will happen. In other words, 
models are models, not exact representations of physical law but are mathematical 
assumptions of these laws. The number and kind of assumptions determine the degree 
of replication. Hardware testing in general does not duplicate flight experience, 
since usually it is ground test of partial systems. Test constraints, etc., place the 
limitations as assumptions do in analysis. How we put these pieces together deter- 
mines the validity of the design. 

The basic concept and philosophy of this approach are shown on Figure 1. The 
process starts with each element and its subelements providing the structural models 
and all pertinent parametric data (example: SRB thrust, thrust rise rate, pressure) 
to the integration contractor for the system loads analysis. These models must be 
compatible with all other element models and with the final element stress analysis 
models. This compatibility for the Space Shuttle is assured by various management 
and review techniques. This is accomplished by the Loads Panel, the Performance 
Panel, the Ascent Flight Systems Integration Group (AFSIG), and the Systems Inte- 
gration Review (SIR) (Fig. 2). Notice the hierarchal decision arrangement. The 
AFSIG and the Panels reporting to it are technical review and recommending bodies 
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and are not project decision arms. This helps to insure unbiased penetration without 
constraints, making only technical recommendations, leaving the risk decision to others. 
The system integration approach, parameter variations, statistical criteria, and veri- 
fication required are worked through the same groups. Using these criteria, loads 
analysis for each design condition (parameter combinations with natural environments) 
are to be conducted and loads outputed. Figure 1 also shows some of the natural 
and induced environments used to determine the loads. These analyses are made in 
a statistical manner such that the resulting responses (loads, etc.) are at a 99.7 
percent probability level of occurrence when varying all system parameters and 
environment values within the expected range. Included are all vehicle parameters 
and natural environments, such as wind speed, wind shears, and wind gust. Indi- 
vidual parameter variations will not necessarily be at the 3-sigma level, but the 
resulting variations produce a 3- sigma combined statistical response. For example, 
a 3- sigma response would not have individual 3- sigma wind speed, shear, and gust 
in combination, but would be a 3-sigma response using the individual probabilities 
(distribution) of these wind parameters. This response can be accomplished in the 
response analysis using such techniques as Monte Carlo, or on the environment side, 
by creating a combined 3- sigma wind environment. The loads are output as bending 
moments t M x (t), M y (t) , M z (t)] , shears t s x (t)> S y (t), S z (t)], and interface forces 

where applicable, Pi (x, y, z, t). Vehicle stations for these outputs are determined 
by the elements needs and integration requirements. 

Using the appropriate sets of operational interface and external loads on each 
element, the structural margins are determined. Phase IV starts with a; more detailed 
model (than the one used in system loads analysis) in conjunction with the interface 
and external forces from the system analysis. This step provides general structural 
capability plus the interface forces for conducting subelement responses. The sub- 
element response which follows provides more detailed structural capability by using 
a still higher fidelity model. In addition, this subelement analysis provides the 
interface forces for a detailed linear and nonlinear analysis of any substructure that 
requires special considerations or shows low margins. This is to be accomplished 
using very fine grained models in conjunction with special codes and analysis tech- 
niques. It should be clear from this general approach discussion that models, 
response data, input data, etc., must be consistent and compatible to insure proper 
results. The following sections discuss the details of each of the steps and provide 
some typical examples. 

It should be pointed out at this time that throughout each of these phases, two 
major principles or procedures must be adhered to: (1) conduct sensitivity studies 

to the level that a good understanding exists for all interactions and that key parame- 
ters are understood, and (2) conduct simplified hand analyses including free body 
diagrams, flows, schematics, etc., so that the phenomenon is clearly understood. 

This insight also serves as a guide to the more comprehensive studies. Computational 
and testing techniques have become so sophisticated that without these guides, serious 
errors will be made. Remember, all computer models, analyses, etc., are models and 
only as good as the assumptions used. 


III. SYSTEMS LOADS ANALYSIS 


Systems external loads analysis approaches are treated extensively in References 
2 and 3. This section will highlight the key elements found in these references and 
in special presentations made over the years. Together these constitute the basic 
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approach to calculating systems loads. The system loads analysis must use models 
for each element that are of proper detail and characteristics to predict systems 
interaction and to account for the accurate loads distribution and all element- to- 
element forces. This means that all element-to-element interface structures and back- 
up structures are correctly accounted for in the system analysis and that these 
forces are output properly. Figure 3 shows how these interaction studies are con- 
ducted. Included in this figure, besides the models, are the additional interactions 
between environments, performance, loads, and verification. The solid arrows show 
the interactive analysis portion. The open arrows show the verification. This inter- 
action is depicted for the loads analysis on Figure 4 by showing conceptually how the 
data flow occurs for the different phases of the margins assessment. This chart is 
a more detailed depiction of the loads and stress portion of Figure 1 showing how use 
is made of interdisciplinary analysis. Notice the strong interactive loops depicted by 
the double lines. Notice that the major outputs are ultimate and yield margins of 
safety, fracture mechanics/NDI, fatigue (lifetime), stability, and responses. 


A. Approach 

The approach used to generate Space Shuttle loads will now be elaborated on 
for the liftoff regime in order to make the external loads analysis process clearly 
understood. The first step (Fig. 1) utilizes test-verified dynamic models of each 
element (SRB, ET , SSME, Orbiter, Payload, MLP). These models are coupled 
together using proper interface models in conjunction with either substructuring or 
modal coupling techniques. This step produces an overall vehicle dynamic model 
containing up to 300 modes with frequencies through 50 Hz. Step 2 takes this comp- 
licated dynamic model and descriptions of all known forces and formulates a set of 
describing differential equations, which when integrated time- wise, will describe the 
dynamic characteristics of any point on the Shuttle structure. Various methods can 
be used to develop this set of equations; however, the Lagrange equations are 
usually used by selecting sets of generalized coordinates. This allows writing the 
kinetic and potential energy functions, dissipation functions, and, through virtual 
work, the generalized forces. Integration of the resulting equations, using either 
digital or hybrid computers, produces the responses and external loads (step 3). 
Since generalized forces are not precisely known (i.e., only known to a test-verified 
statistical level), a discrete loads case will not describe the design loads. Step 4 
consists of running many cases of loads determined by taking different combinations 
of the possible variations in generalized forces. Since different parts of the struc- 
ture will show higher loads for different parameter combinations, enough cases must 
be run to maximize loads for all critical structures. Figures 5 through 7 show the 
parameter set varied (generalized forces /parameters) for developing liftoff loads. 
Presently, it takes 27 cases to develop loads for all pertinent Shuttle structures. 
Therefore, the loads analysis progresses through this process by varying the vehicle 
and environmental parameters to obtain these 27 sets of 3- sigma loads response. As 
discussed in the overall section III, 3-sigma loads response is a vehicle structural 
load that has a 3- sigma probability of occurrence under all possible natural and 
induced environment combinations, not worse-on-worse combinations of 3-sigma levels 
of each parameter . One discrete loads case is not possible because different wind 
directions and other parameters maximize the load for different parts of the vehicle 
structure. In order to facilitate determination of these different cases, load and 
stress indicators of critical structural areas are utilized. Load indicators are algo- 
rithms that relate external loads to structural capability. Load and stress indicators 
should be developed early in a program and updated as required in order to simplify 
analysis and outputs. Two typical indicators are shown on Figures 8 and 9. These 
loads and stress indicators and/or transformation can be analytically determined as 
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Loads analysis flow 





Figure 4. Structural analysis iterative flow 
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Figure 5. Parameter variations for loads analysis. 
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Figure 6. Parameter variations for loads analysis* 
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part of determining dynamic and stress models or by curve fitting stress analysis 
results as a function of key parameters (see later section). Using these indicators 
and other design criteria, design loads cases are run for each of the Shuttle opera- 
tional flight events. These Shuttle operational events include: 

Transportation 

Assembly 

On-pad (including VAB to pad move) 

Liftoff (SSME ignition through liftoff transient) 

Max Q 
High g 

Reentry (SRB and Orbiter) 

Water impact (SRB) 

Towing SRB 

Landing (Orbiter and payloads) 

SRB separation 
ET separation 

The more important parameters to be varied in order to provide the sets of 
3- sigma loads are: 

1) Control (gimbal angle, gimbal rates, vehicle acceleration, vehicle rates, 
angle of attack , etc . ) . 

2) Propulsion (thrust, thrust rise rate, pressure, etc.). 

3) Winds (speed, shear, gusts, and direction). 

4) Cryo (thermal). 

5) Trajectories (load relief, launch azimuth, orbit, payload). 

6) Inertia. 

7) Mass. 

8) Configuration (geometric offsets, shapes, etc.). 

9) Aerodynamics . 

10) Payload variations. 

11) Mission variations. 


B . Verification 

It is mandatory that for each parameter used, a verified statistical distribution, 
including the 3- sigma level, be determined and input into the analysis. Any appro- 
priate parameter variation, sensitivity analysis, statistical combination such as Monte 
Carlo, RSS'ing, etc., can be used to generate the loads data. 

The structural models must be verified by dynamic and static tests preferably 
of full-scale hardware. With proper attention, scale testing is acceptable. All testing 
must be preceded by a pre-test analysis, guiding the test conditions, instrumentation 


13 



location, and test approaches. A post-test model update is required, based on the 
correlation of model and test data, to provide a basis for assessing changes, manu- 
facturing discrepancies, etc., and, particularly, to predict with confidence criteria 
for operational conditions which were not directly verified by test. 

Verification of input parameters is accomplished through tests of various types, 
such as wind tunnel, propulsion system firing, etc. Pre-test analyses are required 
for guiding test definition, instrumentation, etc., with post-test updates providing 
the final data sets. 

The past Space Shuttle configuration was verified in this manner. Figures 10 
through 12 are the summary of some of the key verification tests. 

All significant design changes are verified and loads analyses reconducted. 

The final verification of any system is accomplished through development flights, 
highly instrumented at critical areas, for loads and environment correlations to flight 
load predictions and design loads. Six of the first seven Shuttle flights carried this 
instrumentation. Results are shown in Figures 13 through 18 as examples of this 
verification approach. Figure 19 is a schematic of the ET showing strut or interface 
force nomenclature for Orbiter-to-tank and tank-to-SRB . This is given as reference 
for data identification presented in Figures 13 and 14. These tables show the measured 
in-flight load percentage of design load for the interface forces for all flight events 
for flights STS-1 through -7. Notice that all loads were well within design, except 
for the bolt loads. It has since been determined that these are not load exceedances 
but calibration errors. Figures 15 through 18 give SRB forces and moments at 
several vehicle stations for SSME buildup and liftoff. Compared to design loads for 
that event, these loads are as expected. The event shown may not be the design 
event and hence the load is low . 

The final verification is obtained by correlating actual flight predicted time 
responses to the measured flight data. Figure 20 is the comparison of strut P10 
for ST- 5 of predicted versus measured for the liftoff event. Predicted loads are 
higher than measured but contain the same trends and frequency content indicating 
good analytical approaches. Figures 21 and 22 are similar comparisons for struts 
P10 and P13 for the max q flight event. Excellent agreement is shown between pre- 
dicted and measured parameters. Rockwell, Space Division, conducted and is the 
source of these analysis comparisons to flight. 


C. External Loads Output 

The 3- sigma load sets are obtained by the techniques just described, output in 
format and locations required by the elements for margin assessment. In general, 
these loads will be output as a time consistent set of loads at each prescribed station 
as: 


Shear forces (x, y, z, t) 

Moments (x, y, z, t) 

Interface forces (x, y, z, t) 

Figure 23 is a typical example of this type of output for Shuttle during SSME 
buildup through the liftoff transient. Depicted in the center is the Shuttle vehicle. 
On the left is one example of the many input forces used concurrently; other typical 
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•1/4-SCALE GROUND VIBRATION TESTING (QSGVT) 

• THE INDIVIDUAL ELEMENT MODAL VIBRATION TESTS OF THE EMPTY SRB'S, FULL SRB'S, 
EXTERNAL TANK (ET), AND ORBITER (ORB) HAVE BEEN COMPLETED. THE FIRST MATED 
TEST WITH THE ET AND ORBITER STARTED JUNE 15, 1977 AND WAS COMPLETED JULY 31, 
1977. THE ORB/ET/SRB LIFT-OFF CONDITION TESTS STARTED AUGUST 1. 1977 AND WERE 
COMPLETED SEPT. 21, 1977. ALL 1/4-SCALE MODAL VIBRATION TESTING WAS COMPLETED 
BY DECEMBER 1977. INFLUENCE COEFFICIENT TESTS (l/C) WERE COMPLETED ON THE EMPTY 
SRB AND ET. THE l/C TESTS ON THE FULL OR LIFT-OFF CONDITION SRB WAS CONDUCTED 
IN JANUARY AND FEBRUARY 1978. 


• MATED VERTICAL GROUND VIBRATION TEST (MVGVT) 

•MVGVT TEST USING THE EXISTING SATURN DYNAMIC FACILITY SYSTEMS AND COMPONENTS 
STARTED IN MAY 1978 AND WAS COMPLETED IN NOV. 1978. 


Ol 


Figure 10. 


Major integrated ground test 
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Figure 11, Major integrated ground test. 
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Figure 12. Major integrated ground test. 
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Figure 13. Strut load comparison. 
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Figure 14. Strut and holddown post load comparison. 
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Figure 15. Force and moment SRM interface load comparison. 
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Figure 16. Force and moment SRM interface load comparison. 
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Force and moment SRM buildup case loads 
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Figure 18. Force and moment SRM liftoff case loads 
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Figure 20. P10 strut load predicted to flight liftoff 
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Figure 22. P13 strut load predicted to flight Max Q 







forces are listed. On the right are the resulting time responses of the SRB at the 
ET attach ring station. Included are the three strut forces (interface forces), the 
three shear forces, and the three moments. Outputs of this form should be available 
for any vehicle station. 

The large capacity of modern computers allows optimization of computer outputs 
at this point providing several options. Classically, the time consistent dynamic loads 
have been treated as quasi- static loads which are added to the static loads generated 
in a separate stress analysis. Now these two steps can be treated simultaneously if 
the dynamic model is compatible with the stress model (compatible node points, etc.). 
Using stress or loads transformations, the output of one analysis (loads) can drive 
the transformations producing time consistent stresses. This saves modeling time, 
allows less loads cases to produce 3- sigma conditions, and opens the door to a con- 
sistent Monte Carlo stress analysis not possible if the Monte Carlo is done on external 
loads. The Monte Carlo approach produces a more realistic representation of all 
parameters than the other approaches used, such as A- factor. As programs mature, 
load indications can be used in the same manner. The classical approach is still 
desirable in many cases, therefore, an alternate means of handling this is also 
available . 

The peak values (time consistent sets) for all stations should be combined to 
provide running load distributions for static analysis. Figures 24 and 25 show typical 
shear and moment distributions developed for Shuttle design. There must be as many 
sets of these distributions as there are load sets and flight event analyses. Time 
consistency must be maintained as a general rule. 

The purpose of this document is to delineate procedures and approaches; how- 
ever, it should be mentioned that as a result of the knowledge of the first 25 Shuttle 
flights, a new loads analysis is underway. The reanalysis is defined as IVBC-3. The 
original final verification analysis was defined as IVBC-2. In general, this reanalysis 
has resulted in lower loads as can be seen on Figures 26 and 27 for the liftoff and 
max q flight regimes. 

Output of loads as described in this section become the input for the element 
dynamics and structural assessment analysis (internal loads) to be discussed in the 
next section. 

The importance of the overall loads analysis cannot be overstated. As can be 
seen, the final structural margins are a direct result of the characteristics and 
accuracy of these loads. Early in a program, procedures, approaches, tools, etc., 
must be established and controlled to insure this characterization. 


IV. ELEMENT STRUCTURAL ANALYSIS 


The next phase for determining structural margins is accomplished by the ele- 
ment contractors using the time consistent and running loads generated by the system 
as discussed in the previous section. 

The first step in this phase is the generation of compatible but more detailed 
dynamic and stress models than the ones derived for the system analysis. The degree 
and areas for more detail are determined by knowledge of critical areas, such as 
discontinuities, concentrations, potential nonlinear areas, etc. The same use can be 
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Figure 24. Shear distribution. 
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Figure 25. Moment distribution. 


31 
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Figure 26. Liftoff loads comparison IVBC-2 and IVBC-3 
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Figure 27. Max Q loads comparison IVBC-2 and IVBC-3 








made here of stress and loads transformations. Several choices have to be made in 
determining the details of these models. These include but are not limited to the 
following : 

Element mesh and sizes 

Element type 

Symmetrical or not 

Nodes 

Degrees of freedom 

Local geometries 

Welds 

Connectors . 

Based on these and other considerations, the models are developed and verified 
using standard check criteria and available test data or by special test. 

The next step uses the system analysis outputs, forces, and moment interface 
time histories, or the running loads, as forcing functions and applies them to this 
model to determine basic detailed element response. Describing equations, etc., are 
derived as discussed under systems loads and solved in a comparable manner. Figure 
28 illustrates the SRB model and the two types of system force outputs being applied 
(not concurrently). Output of these analyses are either dynamic responses or 
stresses. This level of analysis will accomplish several important tasks as well as 
providing the forcing functions or interface forces for a more detailed substructure 
analysis. These tasks are: 

1) Definition of critical areas. 

2) Structural margins for the general structural areas. 

3) Forcing functions for substructure analysis. 

4) Correlation with test. 

5) Identification of flight event design cases. 

Figure 29 shows the identificaiton of design events for the SRB. The general 
margins of safety determined in this manner for the solid rocket motor are shown on 
Figure 30. Ultimate margins of safety are determined by multiplying the ultimate 
safety factor and the limit stress, dividing this product into the material ultimate 
strength, and from the resulting quotient, subtracting one. Yield margins are defined 
similarly. Negative margins of safety are unacceptable. All margins of safety must 
be non-negative. Therefore, the formula is: 


M.S. 


F 

= TU 
1.4 x t’ t 


1 


M.S. > 0 


One final case is shown to illustrate the results of this element level analysis. During 
the SSME buildup case at liftoff, the thrust forces introduce a design bending moment 
into the SRB. This moment is taken out through the four holddown bolts at the base 
of each SRB aft skirt. Figure 31 shows the resulting stress in the SRB at three 
vehicle locations. The stress for each station is plotted circumferentially. Notice how 
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Figure 29. SRB design load events. 
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the stresses peak near the holddown bolts. This peak load reduces rapidly with 
distance up the SRB, disappearing near the SRB ET attach ring. In each of these 
cases, the stress peaks are known as stress discontinuities, and origin and cause 
are readily recognized by the analyst because of the abrupt change in structural 
geometry, boundary load, or metallurgical properties. A difficult weld is an example 
of the latter. ET and SSME examples are not given but can be found in References 
2 and 3. 


V. SUBELEMENT AND LOCAL ANALYSIS 


This phase of the analysis is very critical. It is at this level where all fracture 
mechanics, NDE, nonlinear stress analysis, fastener analysis, stability, and critical 
margins are determined. This more indepth evaluation requires more detailed models 
of critical subelement and possible nonlinear analysis techniques. Here the modeling 
assumptions, code choices, analysis levels, linear versus nonlinear, etc., can produce 
completely erroneous or very accurate predictions, depending on the engineer’s judg- 
ments. Again, it starts with the choice of model mesh, elements, and codes as dis- 
cussed previously. This choice is made based on the hand analyses, etc., discussed 
up front. Also, the use of load indicators, stress and loads transformations can be 
used as a time saver for many of these analyses. Since the analysis is dealing with 
more localized areas, it is critical that the engineer understands finite element model- 
ing in all respects and not use programs, codes, etc., in a black box manner. 

Several books and papers exist on this subject. Reference 4 is a typical example. 

A brief overview of finite elements follows to provide a basis for the other discussions. 

The finite element approach is based on the idea that you can take a very 
complex problem and break it up into many subsets (finite elements) of single prob- 
lems with simple assumptions yielding approximate solutions, which with proper care 
in element choices will converge close to the real solution (Fig. 32). The general 
concept is illustrated in Figure 33, showing how the area of a circle can be approxi- 
mated using either a circumscribed or inscribed polygon. As the number of elements 
of the polygon increase so does the solution convergence. Applying the concept to 
a structure and solid mechanics problem, the approach is shown in Figure 34 and 
illustrated in Figure 35. In this case, there are three areas of consideration used 
in the idealization. 

1) Design Conditions 

o Geometry 
o Loading 

o Material Properties 
o Boundary Conditions 

2) Element Types 

o Simple Frame 
o Plane Stress 
o Solid Elements 
o Axi symmetric Solid 
o Flat Plate Bending 
o Axisymmetric Thin Shell 
o Curved Thin Shell 
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Figure 33. The finite element general concept. 


STRUCTURAL AND SOLID MECHANICS 



Figure 34. The finite element basic concept 







3) Governing Equations 

o Equilibrium Conditions 

o Compatibility Conditions (relate stress to strain) 
o Kinematic Conditions (relate strain to displacements) . 

The model is developed by writing an assumed displacement- based function 
which gives the element displacement as a fucntion of a shape function and node 
displacements. Then relationships between displacement and strain, strain and stress, 
and stress and joint forces are written, then combined to give the overall element 
equation. As the element complexity grows, so do these functions. The general set 
contains: 

o Shape Functions 
o Displacement - Strain 
o Strain - Stress 
o Stress - Joint Forces 
o Stiffness Equation. 

The choice of elements then is determined by the need to properly represent 
shapes, stress, etc. Key factors are the characteristics of the areas being modeled 
and whether elastic or plastic (nonlinear) analysis is required. For very complex 
analysis, many node solid elements are required. It should be warned, however, in 
the concern to get details be sure that basic length, width, depth ratios do not violate 
sound principles; e.g., long, thin, deep elements usually give problems. For very 
large and complex structures (such as a Shuttle element), demand or available finite 
element solving equipment is exceeded, and the total structure is subdivided according 
to specific considerations. These subdivisions or components are called substructures 
or subelements. 

Using these basic principles and concepts to varying degrees throughout a sub- 
element, the subelement model is constructed and validated as before. The interface 
forces evolved from the system analysis through the element analysis are now used 
as forcing functions or force distributions on the model. Figure 36 shows this 
approach being used to predict the aft SRM field joint response during liftoff. This 
is a combined static and dynamic analysis using a detailed finite element model with 
greater detail in the joint region. The SRB E-ring model and struts are included. 
Figure 37 shows these results for the Shuttle flight through maximum dynamic pressure. 
Notice the detail of the input forcing functions required and the output details. 

Cautions must be raised in that the subelement model size must be large enough to 
distribute out the loads and balance the set. Material properties, etc., must match 
these same details or errors result. 

References 2 and 3 contain many examples of this type analysis for various 
space projects and other Shuttle elements. 

The final analysis step uses the same approach as this subelement step using 
the results from the subelement analysis as forcing functions for a critical area within 
the subelement. Greater care is required for the very detailed model of this critical 
area, since both elastic and plastic (nonlinear) analytical techniques must be used. 
Element choices must be done with great care. The SRB aft skirt and the corres- 
ponding post to skin weld area are critical areas (Fig. 38). Solid elements with good 
shape functions and additional nodes are required. Material characteristics and 
variations in critical regions are accomplished. Using this model (critical areas), the 
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dynamic and stress analysis directly provides the margins of safety; however, this is 
not the end. At least five other analyses are required using detailed data from this 
critical analysis as inputs. 

1) Fracture mechanics analysis including lifetime, critical flaw size, and NDE 
requirements . 

2) Fatigue (lifetime specifications). 

3) Stability. 

4) Nonlinear plastic analysis. 

5) Nonlinear jointed structural analysis. 

These analyses [1,5-12] require judicious choice of analysis codes, materials 
data, and test derived parametric data. Bolted joints are a problem, since individual 
bolt loading and local yielding are not deterministic. Elastic analysis could easily 
show major problems when no problem exists. In other words, bad assumptions pro- 
duce totally erroneous analysis. The starting point for fracture analysis is accurate 
stress at the potential failure locations. Many examples and additional guidelines could 
be given, but are beyond the scope of this paper. The same is true for fatigue. 
These analysis approaches are not discussed in this report, but are covered in detail 
in NASA SP design documents. These are left to the reader [1,4-12]. 


VI. SUMMARY 


Determination of space vehicle structural margins and capability is a very com- 
plex problem, requiring many steps, great skills, computer capability, software, test, 
and flight verification. The basic steps in outline form can be summarized for space 
systems as; 

1. Develop compatible element models 

2. Verify models 

a. Analytical 

b. Test 

: 3. Assemble models into overall systems model 

4. Verify system model 

a . Analytical 

b. Test 

5. Determine natural and induced environments with expected variations 

6. Verify environments 


a. 

b. 

c. 
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7. Calculate system loads for all critical element areas and all flight events 

8. Verify loads 

a . Analytical 

b . Flight 

9. Develop more detailed element models 

10. Verify models 

a. Analytical 

b. Test 

11. Determine element local response and margins using system loads outputs 
as forcing functions 

12. Verify loads 

a. Analytical 

b. Test 

13. Develop subelement models 

14. Verify subelement models 

15. Determine subelement responses and margins 

16. Develop local critical areas very detailed models 

17. Determine critical areas responses and margins using subelement responses 
as forcing functions 

18. Verify margins 

a. Analytical (various codes) 

b. Test 

19. Perform additional analysis using critical area or subelement responses 
as required 

a. Fracture mechanics 

b. Fatigue 

c. Stability 

d. Nonlinear plastic analysis 

e. Nonlinear bolted, etc., joints. 

Some steps may be eliminated; however, indepth assessment should be made 
before any are deleted. Verification of all models and analyses is imperative. Pre- 
verification test analysis must be performed to guide the test, provide proper instru- 
mentation, and data evaluation. Post test analysis including model /analysis update 
must be accomplished so that adequate tools are in hand for design changes, deviation 
assessment, and operational constraint determination. Using these approaches, a safe, 
reliable space mission can be accomplished. Deviation in any area can lead to pro- 
grammatic adversities at best. 
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